Abstract Genebank conservation of pollen is valuable because it makes genetic resources immediately available for use in breeding programs. In the case of Citrus species, conserved anthers or pollen can be easily transported and used to develop new varieties with pathogen resistance and desirable quality and yield traits. The aim of this study was to develop and improve air-desiccation cryopreservation protocols for Citrus cavaleriei and Citrus maxima anthers in genebanks. In the current study, warming, rehydration, and in vitro germination conditions were optimized to achieve high levels of in vitro germination in Citrus pollen for ten cultivars after liquid nitrogen (LN) exposure. The optimal warming, rehydration, and in vitro germination medium formulations affected the germination levels after pollen cryopreservation, with species-and cultivardependent effects. The Citrus anthers were dehydrated to the moisture content of 5-14% before LN exposure and warmed at 25 (cryopreserved Citrus anthers with a moisture content of lower than 10%) or 37°C (a moisture content of 10% or higher), then rehydrated, and cultured on medium with 150
Introduction
Citrus spp., members of the family Rutaceae, are economically important fruit crops with global production levels of 131.3 t in 2012 (FAO 2015) . High levels of genetic diversity among the species and cultivars of Citrus have been reported (Yang et al. 2015; Barbhuiya et al. 2016) . Citrus germplasm collections are traditionally conserved in field repositories. For example, 1335 accessions belonging to 35 Citrus species are maintained in the field repository of the Citrus Research Institute, Chinese Academy of Agricultural Sciences (CAAS) . Approximately 1372 accessions representing 96 Citrus species are maintained in field and screenhouse collections in the United States Department of Agriculture-Agricultural Research Service (USDA-ARS) National Plant Germplasm System (NPGS) and in the University of California Citrus Variety Collection (Volk et al. 2017) . More than 750 accessions with wide genetic variability are conserved at the Brazilian Agricultural Research Corporation-Embrapa (dos . These field and screenhouse conservation methods are expensive to maintain, require extensive acreage, and are vulnerable to extreme environmental conditions and to pests and
Materials and Methods
Plant materials The anthers of Citrus cultivars were collected from healthy trees at the Citrus Germplasm Repository, Citrus Research Institute, CAAS, Chongqing, China, in 2014. The following experiments were conducted at the National Crop Genebank of China, Institute of Crop Science (ICS), CAAS, Beijing, China. Ten Citrus cultivars were used in the current study. These cultivars belonged to C. cavaleriei (cultivars '2-3' and '2586') and C. maxima (cultivars '14-7', 'Beibei', 'Guanxiang', 'Humi', 'Jintang', 'Kui', 'Sijipao', and 'Zuoshi'). The cultivars C. cavaleriei '2-3' and C. maxima '14-7' were used to first investigate the effect of in vitro germination medium formulations on the pollen germination after LN exposure. All ten Citrus cultivars were used to investigate the effects of warming conditions, rehydration treatment, and in vitro germination media on pollen germination after LN exposure and to monitor the pollen germination levels after 2 yr of cryopreservation (− 196°C) or storage at 4°C.
Storage procedures for Citrus anthers Anthers were collected and removed from flowers by using tweezers and were put on a piece of paper for 16-24 h at 25°C to dry. The anthers were then packed in tubes and shipped on ice overnight to the National Crop Genebank of China (ICS, CAAS, Beijing). Upon arrival, the moisture content of the anthers for each cultivar was determined using the following formula: moisture content (%) = (M1 − M2) / M1 * 100, where M1 corresponds to the weight of the anthers before drying and dry weight M2 refers to the weight of anthers after oven drying at 103°C for 3 h. The anthers were then placed under incandescent lamps (40 W, Philips, Beijing, China) with the light intensity of 36~54 μmol m −2 s −1 at 30°C until the moisture content decreased to 5-14% (Table 1) . A subset of the desiccated anthers was then transferred to 1.8-mL cryovials (Nunc®, Thermo Fisher Scientific®, Roskilde, Denmark), which were directly plunged into and stored in a LN tank at − 196°C (CBS S3000-AB SERIES, Custom BioGenic Systems®, Romeo, MI) at the National Crop Genebank of China. A second subset of air-desiccated anthers was packed in tubes and stored at 4°C in refrigerators. When the stored anthers were warmed, the tubes or cryovials were rinsed in running tap water at 25°C for 15 min or placed in a water bath (DK-8D, Shanghai YIHENG Technical®, Shanghai, China) at 37°C for 5 min. The rehydration treatment was conducted by placing the open cryovials in a closed container which contained saturated copper sulfate solution with 100% humidity for 3 h at 25°C following the method of Connor and Towill (1993) and Hanna and Towill (1995) .
Pollen viability assessment Pollen viability was investigated by using an in vitro germination assay. Pollen was removed from anthers with a very fine brush. The brush was cleaned between samples by washing with distilled water, 70% (v/v) ethanol, and again with distilled water, and then subsequently air-dried. Pollen grains were germinated in liquid medium in the form of Bhanging^drops or were dispersed on a solidified medium as described by Kundu et al. (2014) . Four in vitro germination media formulations were M1 liquid medium (distilled water with 150 agar) ( Table 2 ). The agar was supplied by EKEAR®, Shanghai, China; the sugar was supplied by Beijing BioDee Biotechnology®, Beijing, China; the boric acid, calcium nitrate, potassium nitrate, and magnesium sulfate were supplied by XiLong Chemical®, Shantou, China. The germination media were autoclaved at 121°C for 15 min. The effects of in vitro germination media on pollen germination after LN exposure were evaluated. After culture on the in vitro medium at 25°C for 8-16 h in the dark, the germinated pollen grains were counted using a microscope (SZ × 16, OLYMPUS®, Tokyo, Japan). The pollen grains were considered to have germinated when the pollen tube was, at least, as long as the diameter of the pollen grain (Dafni and Firmage 2000) . Four microscope well slides were examined for each treatment. Four different fields of view, each with, at least, 50 grains were examined per microscope well slide. 
magnesium sulfate, and 10-g L −1 agar; the in vitro germination media formulations of M4 is distilled water with 150
magnesium sulfate, and 10-g L −1 agar. Values are means of four replicate experiments. Errors represent standard deviations. NR represents non-rehydration, R represents rehydration. The rehydration treatment was conducted by placing the open cryovials in a closed container which contains the saturated copper sulfate solution with 100% humidity for 3 h at 25°C. * and ** denote significant differences between the non-rehydration treatments and rehydration treatment, for each treatment at 0.05 level and 0.01 level, respectively (t test) Data analysis The data were evaluated with SPSS 18.0 (http://www.spss.com/) and were presented as means with standard deviations. An analysis of variance, least significant difference test (P < 0.05), and t tests (P < 0.05 or P < 0.01) were performed to determine statistically significant differences among the treatments.
Experimental design First, the effect of the medium on in vitro germination levels after pollen cryopreservation was preliminarily investigated. The cryopreserved anthers of cultivars C. cavaleriei '2-3' and C. maxima '14-7' were warmed at 25°C for 15 min or at 37°C for 5 min, without rehydration, and cultured on M1, M2, M3, or M4 medium. The in vitro germination levels of these treatments were analyzed to identify the optimal medium. Next, the effects of warming, rehydration, and in vitro germination medium on germination after pollen cryopreservation were investigated. After LN exposure for 1 wk, the cryopreserved anthers of all ten Citrus cultivars were cultured on M2 and M4 after the following treatments: warmed at 25°C for 15 min and rehydrated for 3 h, warmed at 25°C for 15 min without rehydration, warmed at 37°C for 5 min and rehydrated for 3 h, and warmed at 37°C for 5 min without rehydration, respectively. Finally, in vitro germination levels of pollen for all ten cultivars after 2 yr of storage at 4°C or at − 196°C were determined.
Results
Moisture content of air-desiccated Citrus anthers before storage The anthers of Citrus cultivars were air-desiccated and the moisture content determined (Table 1) . Anthers from two cultivars, C. cavaleriei '2-3' and C. maxima 'Jintang', were air-desiccated to a moisture content of 5-7%. Anthers from seven cultivars, i.e., C. cavaleriei '2586' and C. maxima '14-7', 'Guanxiang', 'Humi', 'Kui', 'Sijipao', and 'Zuoshi', were air-desiccated to a moisture content of 10-12%, and anthers from C. maxima 'Beibei' were air-desiccated to a moisture content of 14%.
Effects of culture medium components on pollen germination after cryopreservation Two cultivars, C. cavaleriei '2-3' and C. maxima '14-7', were used to preliminarily assess the effects of in vitro germination medium. Relatively lower germination levels (lower than 20%) were obtained when the cryopreserved pollen was warmed and cultured on M1 (Fig. 1a-c) , and the highest in vitro germination levels were 46% for C. cavaleriei '2-3' when the cryopreserved pollen was warmed at 25°C, without rehydration, and cultured on M2 (Fig. 1b) . For C. maxima '14-7', higher germination levels were obtained when the cryopreserved pollen was warmed at 37°C, without rehydration, and germinated on M2 or M4, or warmed at 25°C without rehydration, and germinated on M2 (Fig. 1c) .
Effects of warming temperature and rehydration on germination levels after pollen cryopreservation There were no significant differences between the two warming temperatures when all the germination data from the two species were combined (Fig. 2a) . However, there was a significant difference between 25 and 37°C warming treatments when the average germination levels of C. maxima were analyzed separately (Fig. 2c) . The effects of rehydration after warming on the germination levels are presented in Fig. 2d -e. The rehydration treatment after the cryopreserved anthers were warmed promoted pollen germination significantly (Fig. 2d ). There were no significant differences between germination media M2 and M4 when all the germination data of cryopreserved anthers from two species was combined ( Fig. 2g-i) .
The germination levels of cryopreserved pollen after LN exposure for 1 wk, under all treatments for each Citrus cultivar, are presented in Table 1 . The highest average in vitro germination levels of 84 and 79% for C. cavaleriei '2-3' and '2586', respectively, were obtained when the cryopreserved anthers were warmed at 25 or 37°C and rehydrated. For C. maxima, the relatively high average in vitro germination levels of 71 and 60% for 'Kui' and 'Zuoshi', respectively, were obtained when the cryopreserved anthers were warmed at 37°C and rehydrated. Moderate average in vitro germination levels were obtained for cryopreserved anthers from C. maxima 'Sijipao' (52%), 'Guanxiang' (49%), 'Humi' (48%), '14-7' (44%), 'Beibei' (42%), and 'Jintang' (40%).
Pollen viability after 2 yr of storage at 4°C or cryopreservation After 2 yr of storage at 4°C, the in vitro germination level of stored pollen of all ten cultivars was 0% (Table 3 ). The in vitro germination levels of cryopreserved pollen of ten cultivars were also screened (Table 3 ). For C. cavaleriei '2-3' and C. maxima '14-7', 'Jintang', 'Kui', 'Sijipao', and 'Zuoshi', the rewarming and rehydration parameters and germination medium were the same as in the previous procedures, which resulted in the highest in vitro germination levels of cryopreserved pollen after LN exposure for 1 wk. For C. cavaleriei '2586' and C. maxima 'Beibei', 'Guanxiang', 'Sijipao', and 'Humi', the rehydration parameters and germination medium were modified to obtain higher germination levels. The cryopreserved pollen was warmed at 37°C, rehydrated, and cultured on M2. After 2 yr of storage in a LN tank, in vitro germination levels of C. cavaleriei '2-3' and '2586' were higher (93 and 80%) than after 1 wk of storage. For C. maxima, the in vitro germination levels of 'Beibei', 'Guanxiang', and 'Sijipao' were 55, 53, and 65%, respectively, and the in vitro germination levels of the other five cultivars, i.e., C. maxima '14-7', 'Jintang', 'Humi', 'Kui', and 'Zuoshi', decreased.
Discussion
Cryopreservation of Citrus cultivar pollen/anthers It is crucial to dry pollen to an optimal level prior to LN exposure. Moisture content plays an important role during pollen/ anther cryopreservation, because excess free water in pollen forms ice crystals and reduces the viability (Towill 1985) . The moisture content of the pollen or anthers decreased during pollen shed and might be around 20% (Nepi et al. 2010) . It was deemed important to keep materials with a moisture content lower than 20% for successful cryopreservation (Vendrame et al. 2008) . The measurement of moisture content of pollen or anthers was essential. However, previous studies preferred the pollen desiccation duration. For example, 24 h for Citrus pollen and 8 h for peach pollen were reported as the optimal desiccation durations (Kundu et al. 2014; Song and Li 2015) . Ganeshan and Sulladmath (1983) and Ganeshan and Alexander (1991) studied C. limon pollen storage in LN with desiccation of pollen at 35°C for 15 min; however, the moisture content of the pollen was not reported. It is difficult to reproduce the results of cryopreservation procedures from different laboratories because detailed information on the initial moisture content and the moisture content after desiccation was not reported (Dafni and Firmage 2000) . Thus, in the current study, the detailed moisture content (5-14%) of Citrus anthers for successful cryopreservation is reported.
Optimal moisture content of cryopreserved pollen for some species has been investigated, and it is found that there is variation of moisture content among different species, such as lower than 7.5% for English walnut (Juglans regia, Luza and Polito 1988) and 13-21% for apricot (Prunus spp., Wang and Li 1996) . Although the moisture content of anthers and pollen may not be the same, in the current study, results demonstrated that cryopreserved anthers with low moisture content had better germination levels when they were warmed at 25°C, rehydrated, and cultured on M2. For example, C. cavaleriei '2-3' and C. maxima 'Jintang' (moisture content of 7 and 5%) had average in vitro germination levels of 84 and 40%, respectively, which were higher than the pollen germination levels obtained by warming at 37°C with or without rehydration.
Optimal warming temperature will be useful to avoid ice formation (Zhang et al. 2006 ). An ambient temperature or 22°C for warming cryopreserved pollen was suggested (Ganeshan 1985; Ganeshan 1986; Sacks and St Clair 1996) . Chen et al. (1990) also found that warming cryopreserved pollen with moisture content of 30% at 40°C resulted in a viability of 71% for Sinoj ackia. In the current study, a warming temperature of 37°C significantly increased germination levels of cryopreserved Citrus pollen over those obtained when the cryopreserved pollen was warmed at 25°C. However, when the moisture content of air-desiccated Citrus anthers was low (for instance, 5-7%, in the current study), a warming temperature of 25°C effectively promoted germination of cryopreserved pollen.
Assessing the pollen viability by in vitro germination on medium is practical and effective. The concentrations and the ratios of sucrose, boric acid, calcium nitrate, and agar affected the pollen germination and therefore must be optimized for different species (Parton et al. 2002; Bou Daher et al. 2009; Mortazavi et al. 2010; Borghezan et al. 2011) . Sucrose and boric acid in the culture medium were essential for pollen germination (Borghezan et al. 2011) . Sucrose provided the osmotic pressure and the energy to promote pollen tube growth, and a sucrose level of 10-15% in the medium was sufficient for pollen germination. Boric acid improved germination, perhaps formed an ionizable sugar-boron complex (Soares et al. 2015) . The calcium concentration affected pollen tube rigidity (Bhojwani and Bhatnagar 1974) and it had significant effects on pollen germination levels (Mortazavi et al. 2010) . In addition, the consistency of the medium was a critical factor for successful in vitro germination. Ganeshan and Sulladmath (1983) found that hanging drop methods were preferable for Citrus pollen germination. Kundu et al. (2014) indicated that in vitro germination levels of cryopreserved C. sinensis pollen obtained on solid and liquid germination media showed no significant differences. In the current study, a high concentration of calcium nitrate (1.0 g L −1 ) in M1 germination medium resulted in a relatively low germination level, which may have led to pollen rupture. Pollen germination assays conducted on solid medium (M2 and M4) were found to promote higher germination. Studies on the effects of rehydration treatment after cryopreservation and warming on germination levels are relatively scarce. Rehydration after warming was deemed necessary for Figure 2 . Effects of warming temperature and rehydration on germination levels after pollen cryopreservation. Average pollen germination levels for all Citrus cultivars, C. cavaleriei, and C. maxima cultivars were presented, when the anthers were air-desiccated, LN exposed, warmed on 25 or 37°C, with or without rehydrated, and cultured on M1, M2, M3, or M4 media. Average pollen germination levels for warming temperature for all Citrus cultivars (A), C. cavaleriei cultivars (B), and C. maxima cultivars (C). Average pollen germination levels for rehydration treatments for all Citrus cultivars (D), C. cavaleriei cultivars (E), and C. maxima cultivars (F). Average pollen germination levels for media formulations for all Citrus cultivars (G), C. cavaleriei cultivars (H), and C. maxima cultivars (I). Note: the four in vitro germination media formulations were M1 (distilled water with 150
potassium nitrate, and 0.3-g L −1 magnesium sulfate), M2 (M1 medium with 10-g L −1 agar), M3 (distilled water with 150
boric acid, 0.3-g L −1 calcium nitrate, 0.1-g L −1 potassium nitrate, and 0.2-g L −1 magnesium sulfate), and M4 (M3 medium with 10-g L −1 agar). NR represents non-rehydration, R represents rehydration. The rehydration treatment was conducted by placing the open cryovials in a closed container which contains the saturated copper sulfate solution with 100% humidity for 3 h at 25°C. Values are means of four replicate experiments. Error bars represent standard deviations. Letters denote significant differences of the results for each treatment at 0.05 level (LSD test). * and ** denote significant differences between the nonrehydration treatments and rehydration treatments, for each treatment at 0.05 level and 0.01 level, respectively (t test). some species (Parton et al. 2002) . For example, incubation of the pollinia from Apocynaceae on slides in a humidity chamber (relative humidity = 90%) for 4-5 h was practical and effective for germination (Shashikumar 2006) . In previous studies of pollen cryopreservation in Citrus, the effects of rehydration on in vitro germination levels were not investigated. In the current study, the in vitro germination levels of the cryopreserved anthers were significantly affected by the rehydration treatment. The highest average in vitro germination levels for C. cavaleriei '2-3' (84%) and '2586' (79%) were obtained when the cryopreserved anthers were warmed and rehydrated. For C. maxima, the relatively high average in vitro germination levels for 'Kui' (71%) and 'Zuoshi' (60%) were obtained when the cryopreserved anthers were warmed and rehydrated.
Comparison studies of cryopreservation and low temperature storage Pollen can be stored at 4, − 20°C, and LN temperature. However, cryopreservation significantly extended the lifespan of stored pollen, for instance in studies for litchi (Litchi chinensis), kiwi (Apteryx spp.), date palm (Phoenix dactylifera), and Dendrobium hybrids (Vendrame et al. 2008; Mortazavi et al. 2010; Borghezan et al. 2011; Wang et al. 2015) . In the current study, the in vitro germination levels of Citrus pollen of all ten cultivars were 0% after 2 yr of storage at 4°C, whereas the cryopreserved Citrus pollen was viable, with germination levels ranging from 22 to 93%. Kundu et al. (2014) reported that the highest in vitro germination levels (53 and 55%) were from cryopreserved C. sinensis pollen. In the current study, the highest germination levels (93%) were obtained for pollen from C. cavaleriei '2-3' after cryostorage for 2 yr. The cryopreserved pollen from five cultivars (two of C. cavaleriei and three of C. maxima) after 2 yr of cryostorage showed in vitro germination levels of 50-93%. The in vitro germination levels of the cryopreserved pollen from five other cultivars (of C. maxima) ranged from 22 to 38%. Furthermore, the in vitro germination levels of three cultivars, i.e., C. cavaleriei '2-3' and C. maxima 'Beibei' and 'Sijipao', were significantly increased to 93, 55, and 65%, respectively. The increased germination levels after cryostorage that were obtained for these cultivars may result from ultra-cold stimulation of pollen, which has been observed in other studies (Barnabas and Raiki 1976; Van Der Walt and Littlejohn 1996; Karun et al. 2006; Zhang et al. 2009 ).
Species-and cultivar-specific responses in cryopreservation of Citrus anthers The differential responses to cryoexposure among pollen could be attributed to their inherent genetic traits, physiological status, and the level of maturity among the samples collected (Normah et al. 2013) . The present study suggested that the differences in the in vitro germination levels of cryopreserved pollen between the two Citrus species were mainly due to genotypic variation. In the field, C. cavaleriei cultivars can tolerate low temperatures, whereas C. maxima cultivars are generally more tropical (unpublished data). In the current study, the in vitro germination levels showed significant differences between tropical and temperate species. The in vitro germination levels for C. cavaleriei '2-3' and '2586' anthers after cryopreservation (> 79%) were significant higher than those obtained for the eight C. maxima cultivars (< 65%). C. maxima '14-7', 'Beibei', 'Zuoshi', 'Humi', 'Kui', 'Jintang', and 'Guanxiang' cultivars were from Sichuan Province and Chongqing City, and they may have relatively high levels of cold tolerance. Moreover, it was found in a previous study that pollen of C. maxima cultivars Errors represent standard deviations. The germination levels after 2-yr storage in LN were obtained following the optimal procedures that resulted in the highest germination levels after LN exposure for 1 wk, except for the germination levels with £ , which denotes that the cryopreserved pollen were warmed at 37°C and rehydrated and cultured on M2 originated from the tropical regions in Southeast Asia, namely 'Qiangdele', 'Menglunzao', 'Wanbai', 'Wendan', and 'Shaokemokete', showed extremely low viability after cryopreservation (< 20%, unpublished data).
The most effective warming temperature and rehydration treatments for the cryopreserved pollen of each cultivar varied. For example, for C. maxima 'Kui' and 'Zuoshi', rehydration treatment after warming at 37°C significantly promoted pollen germination; for C. maxima 'Humi', rehydration treatment after warming at 37°C significantly decreased the in vitro germination level; and for C. maxima 'Jintang', rehydration treatment after warming at 25°C significantly increased the in vitro germination level. The cultivar-specific responses to the treatment conditions were in agreement with the findings of Kundu et al. (2014) from other Citrus species.
Applications of cryopreservation protocols for Citrus anthers/pollen in genebank The Pollen Cryobank can provide a constant supply of viable and fertile pollen to allow supplementary pollinations for breeding research and can become an important component of national genebanks. In India, pollen from more than 650 accessions belonging to 40 species was conserved in NBPGR and the Indian Institute of Horticultural Research, and pollen from 64 accessions belonging to C. limon, Citrus aurantifolia, and Pyrus trifoliata were cryopreserved (Mandal 2000; Ganeshan and Rajasekharan 2000) ; In the USA, the NCGRP conserves pollen of 13 pear (Pyrus spp.) cultivars and 24 Pyrus species (Reed et al. 2000) . Based on results in the current study, improved air-desiccation cryopreservation protocols for C. cavaleriei and C. maxima anthers is now used in the National Crop Genebank of China (Beijing, CAAS). The study reinforces that Citrus anthers with the moisture content of 5-14% were critical for successful cryopreservation. Considering the effects of the warming, rehydration, and in vitro germination medium formulations on the in vitro germination, it is practical and feasible to warm the cryopreserved Citrus anthers with a moisture content of lower than 10% at 25°C and a moisture content of 10% or higher at 37°C, respectively, and then rehydrate and culture the pollen on M2 medium. In addition, the genetic traits of species or cultivars of C. cavaleriei and C. maxima will benefit by the large-scale application of cryopreservation protocols in genebanks.
Conclusions
This study identified optimal air-desiccation cryopreservation protocols for C. cavaleriei and C. maxima anthers. The Citrus anthers were dehydrated to the moisture content of 5-14% before LN exposure and warmed at 25°C (cryopreserved Citrus anthers with a moisture content of lower than 10%) or 37°C (a moisture content of 10% or higher), then rehydrated, and cultured on solid germination medium containing 150-g L −1 sucrose, 0.1-g L −1 boric acid, 1.0-g L −1 calcium nitrate, 0.1-g L −1 potassium nitrate, 0.3-g L −1 magnesium sulfate, and 10-g L −1 agar. After 2 yr of storage, in vitro germination levels of Citrus pollen after cryopreservation were significantly higher (in vitro germination levels were higher than 22% for all ten cultivars) than those for anthers that were stored at 4°C (no viable pollen). In conclusion, C. cavaleriei and C. maxima can be successfully conserved as cryopreserved anthers in genebanks. These cryopreservation procedures will aid in the establishment of large-scale pollen cryopreservation protocols at the National Crop Genebank of China.
